The Columbia Non-neutral Torus ͑CNT͒ ͓T. S. Pedersen, J. P. Kremer, R. G. Lefrancois, Q. Marksteiner, N. Pomphrey, W. Reiersen, F. Dahlgreen, and X. Sarasola, Fusion Sci. Technol. 50, 372 ͑2006͔͒ is a stellarator used to study non-neutral plasmas confined on magnetic surfaces. A detailed experimental study of confinement of pure electron plasmas in CNT is described here. Electrons are introduced into the magnetic surfaces by placing a biased thermionic emitter on the magnetic axis. As reported previously, the insulated rods holding this and other emitter filaments contribute to the radial transport by charging up negatively and creating E ϫ B convective transport cells. A model for the rod-driven transport is presented and compared to the measured transport rates under a number of different conditions, finding good agreement. Neutrals also drive transport, and by varying the neutral pressure in the experiment, the effects of rod-driven and neutral-driven transport are separated. The neutral-driven electron loss rate scales linearly with neutral pressure. The neutral driven transport, presumably caused by electron-neutral collisions, is much greater than theoretical estimates for neoclassical diffusion in a classical stellarator with strong radial electric fields. In fact the confinement time is on the order of the electron-neutral collision time. Ion accumulation, electron attachment, and other effects are considered, but do not explain the observed transport rates.
I. INTRODUCTION
A great amount of attention has been paid to the stellarator optimization, 1,2 that is, the reduction of ripples in the magnetic field 3 and creation of quasisymmetry 4 to enhance confinement time. The importance of the radial electric field on confinement in stellarators has also been recognized. 1, 5, 6 The extreme electric field ͑where "extreme" refers to e⌬ / T e ӷ 1͒ of a non-neutral plasma should lead to excellent confinement of such a plasma in a stellarator, even a classical stellarator, ϰ c ͑a / D ͒ 4 , with c being the collision time. 7 The Columbia Non-neutral Torus ͑CNT͒ ͑Ref. 8͒ studies pure electron plasmas confined on magnetic surfaces. This work is similar to the so-called "stellarator diode" work [9] [10] [11] [12] [13] which was concerned with mapping magnetic surfaces by contours of constant emission from an electron emitter in a stellarator. CNT is concentrated on understanding the equilibrium, stability, and transport of the pure electron plasmas created by this thermionic emission. In this paper, we focus on the question of pure electron plasma transport in CNT. As shown recently, 14 the pure electron plasmas in CNT satisfy the plasma criterion a / D Ϸ 10ӷ 1 as well as the criterion for having an extreme electric field e⌬ / T e Ϸ 20ӷ 1. Quasineutral plasmas generally have a / D ӷ 1 and e⌬ / T e of order unity whether the electric potential is created by plasma transport ͑ambipolar electric fields͒ or imposed by the experimentalist through the use of biased limiters, 15 biased probes, 16 or electron emitting cathodes. 17 The results presented in this article focus primarily on a parameter regime where the neutral pressure, p n Ͻ 1.5 ϫ 10 −7 Torr, plasma potential, ͉ p ͉ Ͻ 400 V, and magnetic field strength, B Ͼ 0.01 T. For these parameters, the plasmas are stable and do not exhibit sudden confinement jumps. However, outside this parameter range, different physics appears. At very high bias voltages and very low magnetic fields, the emission current has discontinuous jumps. At very high neutral pressures, ion driven instabilities appear. The plasma behavior in these parameter regimes will be discussed in detail in future publications. Two distinct transport mechanisms for pure electron plasmas have been identified in CNT, one related to the perturbing presence of internal rods, and another related to background neutrals. In Sec. III the rod-driven transport is discussed, including the dependence of emission current on magnetic field and emitter bias in this regime. In Sec. IV, the electron loss rate is separated into rod-driven and neutraldriven parts and the dependence of each on the magnetic field is examined. Section V discusses the confinement time in CNT and makes comparisons to other relevant time scales. In Sec. VI possible causes for the enhanced level of neutral driven transport seen in these plasmas are presented. Since the purpose of this work is to investigate the transport mechanisms and their dependencies on various plasma parameters, the confinement times here are in general lower than the best confinement time achieved in CNT, 20 ms, reported previously. located physically inside the plasma, and the plasma reaches an equilibrium density; a steady-state is reached between electron emission and loss. The confinement time of electrons is simply the total number of electrons divided by the electron loss rate, = eN e / I e . The electron loss rate ͑in C/s or A͒ is equal to the emission current, which is easily measured. The total number of electrons N e can be estimated from an equilibrium reconstruction from experimentally measured radial profiles of temperature and either density or potential. 14 In this paper we explore the dependence of the electron loss rate and confinement time on the magnetic field, emitter bias, and neutral pressure, and discuss the dominant transport mechanisms.
III. ROD-DRIVEN TRANSPORT
In the rod-driven transport regime, the dominant mechanism of electron loss is the electrostatic perturbation caused by the negatively charged insulating rods.
14 Convective E ϫ B cells are set up from the static confining magnetic field and the electric field from the negatively charged rods. The drift is into the plasma on one side of the rod and out of the plasma on the other. Due to a density gradient there is a net loss of particles from the confining region. A schematic of this mechanism appears in Fig. 2 .
In order to calculate the transport of electrons due to the rods, it is necessary to calculate their density and velocity as functions of r and near the rod. Electrons in a Boltzmann density distribution are represented by n e = n ϱ exp͑e / T e ͒, and we assume that the potential is given by = 0 exp ͑͑r 0 − r͒ / D ͒, where r 0 is the rod radius. This estimate for the potential is the standard textbook Debye-screened potential, which is arrived upon by solving Poisson's equation for a linearized Boltzmann density distribution, exp͑e␦ / T e ͒Ϸ1 + e␦ / T e . Our model does not accurately take into account that this linearization is inaccurate near the rod, since ͉−e␦ / T e ͉ is not small near the rod and n e Ϸ 0 there, i.e., there is no space charge there to do the regular Debye shielding. Here ␦ is the difference between the equilibrium plasma potential and the potential in the presence of the negatively charged rod. Further work is continuing on a numerical calculation of the rod-driven transport, but in order to provide an analytically tractable estimate, we will proceed with the above estimate for the potential profile.
If B is in the −x direction, E is directed radially inward, and ẑ is outward along the rod ͑Fig. 2͒, then
Using experimentally measured values of n ϱ Ϸ 7.5 ϫ 10 11 m −3 , r 0 = 6.35ϫ 10 −2 m, and T e = 4 eV, 14 we can calculate the flux of electrons ͑n e v͒ near the rod. This is shown as a contour plot in Fig. 3 . The transport is very low very close to the rod ͑due to the very low electron density͒, peaks a couple of Debye lengths away from the rod, and falls off exponentially far away from the rod because of the Debye screening of the electric field.
The current of electrons transported out in this manner is 
where N r is the number of rods, e is the electron charge, and n e v is the flux of electrons, which is integrated over the bottom half of the rod. Using the above expressions for n e and , and with 0 =−C 0 T e / e, Eq. ͑2͒ reduces to
where F is a dimensionless integral given by
The above integral is analytically solvable and yields the following expression that depends only on the values of r 0 / D and C 0 ,
where Ei is the exponential integral and ␥ = 0.5772 is the Euler-Mascheroni constant. For a quasineutral plasma C 0 =1/2͑ln͑m i /2m e ͒ +1͒, which, with N 2 + as the dominant ion, is equal to 5. The true value of C 0 in the pure electron plasma, and hence the floating potential of the insulated rod, is not known with certainty. Because the ion fraction is very small, the rods will charge up to a significantly more negative potential than in a quasineutral plasma. An estimate can be obtained by adding the term −ln͑f i ͒ to C 0 , which is a first-order correction for plasmas with an ion fraction f i = n i / n e . For the conditions considered here, the ion fraction in CNT is f i Ϸ 0.005, which gives a value of C 0 Ϸ 10.
For the value of r 0 / D = 0.37 from the present parameters, F increases from 2.55 to 3.94 in the range of C 0 from 5 to 20. In the calculation for Fig. 3 , C 0 = 10 was used. A higher C 0 causes the region of transport to widen and move farther out radially, and causes the total integrated transport given by Eq. ͑3͒ to increase. The assumption that the potential drops off exponentially with the bulk plasma Debye length as the relevant length scale makes the radius of peak transport, and F, rather insensitive to C 0 . A full nonlinear self-consistent calculation of the screening would show a very low density "hollow" shell around the rod, with the potential falling off rather slowly, and a peak transport region located farther from the rod than what is calculated here. The electrostatic perturbation due to the rod and its associated radial transport is therefore larger than what is calculated here. In addition to the simplified sheath potential profile and the uncertainty in C 0 , there are a few other simplifications in the above model. It ignores the variation in magnetic field, plasma density, and temperature along the rod. Also, it ignores the inward transport on the top side of the rod. This is equivalent to assuming a density that is constant inside the magnetic surfaces and is zero outside. In other words, electrons transported out are lost to the open field lines at the edge, while no electrons are transported from outside the closed flux surfaces to the inside. Despite all of these simplifications, we will see in Secs. III B and IV B that this simple model of rod-driven transport captures the trend of the data well, and is in rough quantitative agreement with the observed transport rates.
A. Effect of magnetic field
In the rod-driven transport regime, the magnetic field is expected to have a B −1 scaling effect on the electron loss rate. To test this, the emission current was measured as a function of magnetic field strength ͑on axis͒ at a neutral pressure of p n Ϸ 7 ϫ 10 −9 Torr, and an emitter bias of −400 V. These measurements were presented in Ref. 14 and showed the expected B −1 scaling. We have observed that for a fixed emitter bias, the electron density and temperature are essentially independent of the magnetic field strength. If this were not the case, then a simple B −1 dependence would not be expected from Eq. ͑3͒, since the transport rate depends on density and temperature, as well as on the strength of the B-field.
Similar scaling, and very similar magnitude, of emission current vs magnetic field was seen in stellarator diode studies in the Auburn torsatron, 9 where an insulated rod was also used. They reported a scaling of B 
B. Effect of emitter bias
By changing the emitter bias while at a constant magnetic field, the temperature and density of the electron plasma are changed. From −100 to − 400 V, the electron temperature increases approximately linearly from 1.5 eV to 5.8 eV. 18 The density has been measured at p n =2ϫ 10 −8 Torr, B = 0.02 T, and −200 V bias to be n e Ϸ 7.5 ϫ 10 11 m −3 . 14 The density should vary linearly with emitter bias since the emitter bias sets the plasma potential and the plasma potential is linearly related to the charge density, and therefore the electron density, through Poisson's equation. Although accurate measurements of n e in CNT are difficult, 19 there is some indication that this is the case. 18 For potentials less negative than −100 V, measurements have been difficult due the very low electron density, but the density continues to decrease as the bias potential approaches zero whereas the electron temperature appears to rise.
For these experiments, the emission current ͑i.e., the electron loss rate͒ was measured as a function of emitter bias ͑i.e., plasma potential͒. We compare this measured electron loss rate to the expected loss rate as calculated from Eq. ͑3͒. Figure 4 shows this comparison. In this case the markers are the measured electron loss rate ͑emission current͒ as the emitter bias was increased. This is analogous to the currentvoltage characteristic of a stellarator diode. 10, 11 The solid line represents the modeled values calculated from Eq. ͑3͒ using the measured n e and T e , and with C 0 = 10. The trend of the data is captured well by the model, but the magnitude is underestimated somewhat. As mentioned previously, our model is expected to underestimate the rod driven transport.
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IV. NEUTRAL-DRIVEN TRANSPORT

A. Effect of neutral pressure
When the neutral pressure is increased, loss of electrons due to collisions with neutrals becomes noticeable and eventually dominant over rod-driven transport. By varying the neutral pressure, the two transport processes can be separated. Figure 5 shows the emission current from two sets of experiments in which the magnetic field was held constant while the neutral pressure was increased. The electron loss rate is seen to follow a linear trend, I e = I r + I n , where the constant I r , the loss at zero neutral pressure, is the transport unrelated to neutrals, and I n ϰ p n is the transport due to the neutrals. Since it has been found that the transport at low neutral pressures is strongly dominated by the rods, 14 we identify I r as the rod driven transport even though there may be other transport processes included in I r .
One can now easily separate the two transport processes, and compare their magnitudes. For example, for the case of B = 0.02 T, at low pressure, p n =7ϫ 10 −9 Torr, the ratio of I n / I r is about 0.3, i.e., the rod driven transport dominates by a factor of 3.3, while at high neutral pressure, p n =1 ϫ 10 −7 Torr, I n / I r Ϸ 4.5, i.e., the neutral driven transport dominates by a factor of 4.5. The data discussed in Sec. III A is clearly in the rod-driven transport regime because of the low neutral pressure ͑7 ϫ 10 −9 Torr͒. The data presented in Sec. III B ͑and Fig. 4͒ was taken at p n =2ϫ 10 −8 Torr, in a neutral pressure range where the neutral-driven transport is becoming important.
For the neutral pressure range covered in Fig. 5 , I n scales linearly with pressure, so the transport is proportional to the electron-neutral collision frequency. The linear dependence of emission current on neutral pressure has also been seen before in electron confinement experiments, 9, 20, 21 all at higher neutral pressures than what is measured here. As discussed later, this linear relationship is expected from neoclassical transport theory.
When the neutral pressure in CNT is increased above about 1.5ϫ 10 −7 Torr, I n begins to deviate from the simple linear proportionality to neutral pressure-it grows faster than linearly ͑see Fig. 6͒ . In this range the emission current scales like p ␣ with ␣ between 2.3 and 2.5 for all magnetic field values above B = 0.02 T. The transition from linear to nonlinear dependence of transport on neutral pressure is likely caused by the onset of ion-related instabilities, which begin to appear in this elevated neutral pressure range. These instabilities will be described in a future publication.
B. Effect of magnetic field
Using the above mentioned technique of varying the neutral pressure in the range 7 ϫ 10 −9 -1.5ϫ 10 −7 Torr, I n 
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and I r were measured for different magnetic field values, while holding the emitter bias constant at −200 V. Figure 7 shows the values of I r , the intercepts of the linear measurements. As already discussed, we interpret I r as the rod-driven transport. Also shown in the figure is the modeled rod-driven electron loss rate, from Eq. ͑3͒, with C 0 = 10, N r = 2, and using n e = 7.5ϫ 10 11 m −3 , and T e = 4 eV. These are the measured values at a bias of −200 V, a neutral pressure of 2 ϫ 10 −8 Torr, and magnetic field of 0.02 V. In these calculations it is assumed that the changing magnetic field and neutral pressure do not change the electron temperature and density. This is consistent with experimental findings.
The model of the rod-driven transport, which is proportional to B −1 , captures the trend of I r well, while again underestimating the magnitude, presumably because of the aforementioned simplifications made in the model.
As defined, I n is the part of the electron loss rate that scales linearly with neutral pressure so it is caused by the presence of neutrals. Figure 8 shows the neutral-driven electron loss rate divided by the neutral pressure as a function of the magnetic field. These data are obtained from the slopes of the emission current vs neutral pressure measurements, such as the examples in Fig. 5 . Clearly the neutral-driven transport is not proportional to B −1 , as was the case with the rod-driven transport.
A curve fit is also shown on the plot, with the form I n / p n = 53.3+ 0.244ϫ B −1.5 A / Torr. One could choose other functional forms for the curve fit but this one fits the data very well. We interpret this result as implying that there are two transport processes associated with the neutrals, one that scales with B −1.5 , and another which is independent of the magnetic field strength. Candidates for each of these will be discussed in the following sections.
V. CONFINEMENT TIME
The measured confinement time due to neutral-driven transport is given by = eN e / I n . From measured profiles of the density, temperature, and potential, equilibrium reconstructions can be carried out which show that at a bias voltage of −200 V, N e Ϸ 10 11 . 14 For this bias voltage, and at p n =2ϫ 10 −8 Torr, and B = 0.06 T, using I n / p n Ϸ 62 A / Torr from Fig. 8 , the neutral-driven confinement time is Ϸ 1.3 ϫ 10 −2 s. Because of rod-driven transport, the true measured confinement time is less than this.
It is well-known that for a quasineutral plasma in a classical stellarator transport due to direct orbit losses can be very large, even dwarfing anomalous transport. CNT is a classical stellarator with large helical ripple, and in the absence of a strong electric field, the neoclassical confinement time would be expected to be on the order of
where
is the particle drift velocity due to ٌB and magnetic curvature. For the experimental conditions discussed here, we estimate d Ϸ 3.4ϫ 10 −4 s, which is much less than the measured confinement time. Therefore, the vast majority of electrons must be on confined orbits. This is actually expected because of the strong electric field in CNT. In the presence of a strong electric field, one expects a vastly improved confinement time, because the ripple trapped particles are forced to circulate poloidally because of the E ϫ B drift associated with the strong radial electric field. In this case, the collisionless particles remain close to the magnetic surfaces, and cross-surface particle transport will be proportional to the collision frequency. In our case, the electron-neutral collision frequency en is an order of magnitude larger than ee , so the dominant collisional process for the electrons is electron-neutral collisions, not electron- 
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where E is the E ϫ B frequency. For an optimized stellarator, the second bracketed term involving ⑀ ͑the poloidal ripple͒, ⑀ t ͑the inverse aspect ratio r / R͒, and ⑀ h ͑the helical ripple͒, can be made small, but for a classical stellarator such as CNT, it is of order unity, possibly larger. Setting this term to 1, estimating the diffusion-limited confinement time as e Ϸ a 2 / D , and noting that E Ϸ ⌬ / a, and e⌬ / T e Ϸ a 2 / D 2 in a pure electron plasma with minor radius a, the confinement time in CNT can be crudely approximated as
In CNT, which has a / D Ϸ 10, one should therefore expect that the neutral-driven transport would lead to a confinement time on the order of 10 4 electron-neutral collision times. The significant neoclassical transport reduction caused by the strong electric field has been confirmed, for quasineutral plasmas with modest electric fields, by direct numerical particle orbit calculations. 22 Equation ͑8͒ and consequently Eq. ͑9͒ are valid when en Ӷ E . In CNT, E Ϸ 5.5ϫ 10 4 s −1 , much larger than en even at the higher end of neutral pressures discussed here, so Eq. ͑9͒ should apply to the plasmas being studied here. We note that our experimental finding that the neutral-related confinement time is proportional to the electron-neutral collision time is consistent with the scaling in Eq. ͑9͒, but as we will show in the following, the magnitude of the measured confinement time is inconsistent with Eq. ͑9͒.
First, the crude approximation E Ϸ͑T e / e͒͑a / D 2 ͒ is correct for scaling purposes, but significantly off in magnitude. Since E has been measured in CNT, it can be used to calculate E and therefore e directly. A potential drop of ϳ75 V over ϳ15 cm gives an electric field of approximately 500 V / m, which was used to find the value of E above. From Eq. ͑8͒ we find
and with the calculated values of d and E , the confinement time should be e = 350 en . This is much less than 10 4 times, because the simplicity of the scaling approximation for E does not take into account the complex geometry of the CNT plasma. Nonetheless, the neoclassical prediction is that the confinement time should be many orders of magnitude greater than the collision time. We will now show that this is not seen experimentally.
The electron-neutral collision time, en =1/ en , is calculated by the following equation:
where Q en is the electron-neutral elastic scattering collision cross section and is a function of the neutral species and the electron energy ͑͒. For these experiments, molecular nitrogen is the most abundant neutral species, so at T e = 4 eV and p n =2ϫ 10 −8 Torr, we find, using published cross-sectional data, 23 that en Ϸ 100 s −1 i.e., en Ϸ 1 ϫ 10 −2 s. We see that the measured neutral-driven confinement time, Ϸ 1.3ϫ 10 −2 s, is approximately equal to the electronneutral collision time scale and is orders of magnitude below the theoretical neoclassical confinement time ͑350 en ͒. This close match between measured and calculated en is partially an artifact of the conditions we have chosen for the calculations. Figure 8 shows that the measured neutraldriven confinement time is dependent on p n and B, while the calculation of en is dependent only on p n . For a lower B field, the electron-neutral collision time is the same, but the measured confinement time is less, implying that on average less than one electron-neutral collision is sufficient for an electron to be lost. In reality, uncertainties in the absolute neutral pressure measurement and collision cross section prevent us from making an exact statement about the number of collisions required for an electron to be lost, but clearly it is on the order of one ͑not 350͒.
In Sec. VI we will examine possible sources of the enhanced transport of electrons in CNT that causes the confinement time to be much less than neoclassical, and also to have a component of transport proportional to B −1.5 .
VI. POSSIBLE CAUSES OF ENHANCED TRANSPORT
Experiments are currently underway using a retractable electron emitter 24 that creates the electron plasma as it quickly ͑within 20 ms͒ leaves the surfaces, leaving an unperturbed plasma behind. Measurements of confinement time from outside the magnetic surfaces with image charge probes or limiter probes will provide a clearer picture of the unperturbed ͑no rods͒ neutral-driven electron transport and its dependencies. Presently, however, we can evaluate whether certain candidate processes may explain the level of neutral related electron transport seen in experiments.
A. Ion accumulation
The accumulation of a small percentage of positive ions in the plasma can alter and possibly destabilize the nonneutral plasma equilibrium. Presently, ions do not continuously accumulate in the plasma even over very long time scales. This steady state in the ion content is the result of a balance between ionization of neutrals by the plasma electrons, and recombination on the insulating rods. Once the rods are removed, continuous accumulation of ions may result.
The ion density has been measured in CNT ͑with B = 0.02 T, V bias = −200 V and as a function of p n ͒ using a large area probe to measure the ion saturation current. 18 The ion density was n i Ϸ 6 ϫ 10 9 m −3 at p n =2ϫ 10 −8 Torr, for an ion fraction of n i / n e Ϸ 0.8% in steady state. This ion fraction is consistent with estimates of the ion fraction by balancing the volumetric ionization and recombination on the rod͑s͒. 18 The ion fraction increases linearly with neutral pressure as expected from this dynamic balance, and, as mentioned, at an ion fraction of roughly 1% ion driven instabilities begin to appear. 25 
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B. Electron attachment
Another possible ionization loss mechanism is through electron attachment. If electrons are able to attach to neutrals to create negative ions, the ions will be lost quickly from the confining volume, since negative ions, being much more massive than the electrons, are very weakly magnetized at these magnetic field strengths, and are pushed out by the electron space charge, rather than confined. This loss mechanism would be roughly independent of the magnetic field strength at these low B-field strengths, and is therefore a candidate for the B-field independent neutral related loss rate that is observed. For the experiments presented here, the dominant background gases are consistent with air, i.e., about 80% N 2 and about 20% O 2 . For an electron temperature of 4 eV, typical for these experiments, the dominant negative ion formation process is dissociative electron attachment of O 2 , forming an O − ion. 26 For this process, we find that at Ϸ 10 s for p n =2ϫ 10 −8 Torr. Given the typical confinement times in CNT on the order of 1 -20 ms, this negative ion formation cannot explain the level of transport seen in CNT.
C. Collisional transport in the r L ™ D regime
Classical or neoclassical transport driven by collisions relies on a proper estimation of the effective collision frequency in question. In neutral plasmas, one almost always finds that r L ӷ D , so the magnetic field can be ignored in the collision. In pure electron plasmas including CNT, the opposite condition exists, r L Ӷ D . 27 For example, a typical CNT pure electron plasma has D Ϸ 15 mm, while r L Ϸ 0.3 mm. In this limit, the magnetic field and conservation of magnetic moment must be considered for Coulomb collisions. The process involves E ϫ B drift of one particle in the Debye sheath of the other particle and can lead to a factor of 100 increase in the effective collision frequency. 27 This may be an important effect for electron-electron collision driven transport. While electron-electron collision driven transport cannot be ruled out in CNT, it is not large enough to be experimentally identified, presently. The transport we are studying here is related to neutrals and is presumably caused by electron-neutral collisions. An elastic electron-neutral collision is accurately described in CNT as one in which the electron is unmagnetized and the neutral is infinitely massive. The electron can be considered unmagnetized since the spatial scale of the collision with the neutral is on the order of 10 −10 m, and the Larmor radius of an electron in CNT is on the order of 10 −4 m.
D. Transport due to unconfined particle orbits
Recently a theory for the anomalous transport of single species plasmas in Penning-Malmberg traps was proposed. 28, 29 This "asymmetry-induced transportЉ proceeds by the scattering of trapped particles into a velocity space loss cone. Although the scaling is not yet known in detail, 28 the resulting loss rate is expected to scale as B −1.5 to B −2 . This is consistent with what is observed here for the neutraldriven B-field dependent transport, Fig. 8 . Moreover, the results here indicate that it takes only on the order of one neutral collision to lose an electron in CNT, which also suggests that there are unconfined particle orbits in CNT. These so-called prompt orbit losses are expected for mirror ͑ripple͒ trapped particles in classical stellarators such as CNT, leading to a loss cone in phase space. However, the electric field in CNT should be sufficiently strong that orbits of mirrortrapped particles are confined, since the E ϫ B drift forces these particles to precess poloidally rapidly compared to their ٌB drift velocities and this should close their orbits. Numerical calculations of single particle trajectories are currently underway to determine if there are unconfined orbits in CNT, despite the large electric field.
VII. PROJECTED CONFINEMENT FOR ULTRAHIGH VACUUM OPERATION WITH A RETRACTABLE EMITTER
The results presented here show that there are currently two dominant transport mechanisms in CNT, one related to neutrals, the other caused by internal rods. As mentioned, the rod driven transport can be eliminated through use of the retractable emitter, which is already installed in CNT. 24 The neutral driven transport is proportional to neutral pressure and can therefore be reduced by improving the vacuum in CNT. Eliminating the rod-driven transport and lowering the base pressure to 2 ϫ 10 −10 Torr should lead to a confinement time exceeding 1 s, if there are no other significant transport processes. A base pressure of 2 ϫ 10 −10 Torr has been achieved in the empty CNT chamber but has yet to be achieved with internal coils and emitter rods. Of course, other transport processes, e.g., electron-electron collisional transport, could limit the confinement in CNT and prevent the projected 1 s confinement time from being realized. Minimizing the present transport mechanisms, however, will allow the study of these other, more intrinsic, plasma transport processes in CNT.
VIII. CONCLUSIONS
Detailed studies of confinement of pure electron plasmas in the CNT stellarator were performed. The insulated rods that hold the electron emitters drive radial transport. Neutrals also drive radial transport. The rod-driven and neutral-driven transport can be separated by varying the neutral pressure. A simple model of the rod-driven transport based on negatively charged rods creating E ϫ B convective cells was developed, and this model is in good quantitative agreement and excellent qualitative agreement with measurements of the roddriven transport. The neutral-driven transport scales linearly with neutral pressure, except for neutral pressures above 1.5ϫ 10 −7 Torr. It has a component that appears to be roughly independent of B, and a component that scales as B −1.5 . The transport component that is independent of the B-field is not understood at this point. The B −1.5 scaling is not understood in detail either, but is in agreement with empirical findings from other non-neutral plasma experiments. The neutral related confinement time is on the order of the electron-neutral collision time and is orders of magnitude less than the predicted neoclassical confinement time. This
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